The influence of chromium and antimony codoping on the surface structure of rutile TiO 2 (110) was studied at the atomic level using noncontact atomic force microscopy. Compared to pristine TiO 2 (110), the codoped surface exhibits substantial surface facetting. A careful analysis of high-resolution images unraveled a surface reconstruction that closely resembles a (1 × 4) structure, indicating a firm integration of the dopant atoms into the titanium dioxide crystal. The reconstruction can be described by shearing the original unit cell by an angle of 7 ( 1°. We provide a simple explanation of the observed reconstruction by comparing both the ionic as well as the covalent radii of chromium and antimony with those of titanium. On the basis of this simple picture, the observed reconstruction can be understood as a strategy to compensate for the significantly smaller covalent radii of the dopant atoms. The observed surface facetting is explained by reconstructioninduced interlayer stress. This facetting might be beneficial for photocatalytic activity. Our results thus shed light on the role of chromium and antimony dopants in the wide band gap photocatalyst titania.
Introduction
Titanium dioxide (TiO 2 ) represents an important photocatalyst that is used for degrading toxic compounds 1 and has the potential for producing hydrogen fuel from water. 2, 3 TiO 2 is a wide band gap photocatalyst that is known to be sensitized to visible light by doping with foreign elements. 4 Nonmetallic dopants have been examined and found to be active in visible-light induced reactions. [5] [6] [7] [8] [9] [10] Transition metal doping has been reported to result in even more intense visible-light absorption. 11 While chromium doping has been demonstrated to result in visible-light absorption, photocatalytic activity has not been observed. 12 The photocatalytic inactivity of chromium-doped TiO 2 has been explained by the formation of oxygen vacancies and the presence of Cr 6+ upon chromium doping, 12, 13 representing recombination sites for electron-hole pairs. This assumption has been confirmed by recent noncontact atomic force microscopy (NC-AFM) measurements, 14 revealing an increased density of oxygen vacancies on chromium-doped TiO 2 (110). In contrast, when codoped with chromium and antimony both visible-light absorption and photocatalytic activity has been achieved. 12, 13 It has been argued that this might be due to the presence of Cr 3+ and Sb 5+ cations, resulting in charge neutrality with no need for oxygen vacancy or Cr 6+ creation. 12, 13 However, experimental evidence for this assumption was lacking so far.
Here, we present an NC-AFM investigation of chromium and antimony codoped TiO 2 (110), revealing insight into the influence of codoping on the surface structure at the atomic level. A doping-induced surface reconstruction is observed, indicating a firm integration of the dopants into the crystal lattice. Moreover, in contrast to what has been observed on TiO 2 (110) doped with chromium solely, 14 no increase in surface oxygen vacancy density is found on the codoped sample, supporting previous assumptions 12, 13 with clear-cut experimental evidence. We present a simple model based on the ionic and the covalent radii of the dopant atoms, which provides excellent agreement with the experimental findings.
Experimental Section
High-resolution NC-AFM was used operated in the frequency modulation mode. For this technique, a sharp nanoscopic tip mounted at the end of an oscillating cantilever was scanned in close proximity over the sample surface while keeping the oscillation amplitude constant. The forces acting between tip and surface atoms shifted the cantilever's eigenfrequency. This frequency shift was directly used as an imaging signal when scanning the cantilever at a fixed tip-surface distance. Alternatively, the frequency shift was kept constant to measure the height profile of equal frequency shift (referred to as topography). Measurements were performed at room temperature in an ultrahigh vacuum chamber. The experimental setup was the same as described previously. 14, 15 The TiO 2 (110) samples were crystals of highest quality available (MTI, Richmond). The crystals were codoped with chromium and antimony by calcining them together with Cr 2 O 3 and Sb 2 O 3 powder in a crucible at 1420 K for 10 h in air as described for titania powder. 12, 13 The dopant ratio was intended to be unity in the doped single crystal. 12 The concentrations of chromium and antimony in the doped titanium dioxide single crystal cannot be expected to be homogeneous and was therefore difficult to quantify. However, in the upper few micrometers the chromium and antimony concentrations were expected to be in the order of 2 to 3 at. % as observed in similarly doped titania powder. 12 This order of magnitude was confirmed by an X-ray photoelectron spectroscopy (XPS) measurement of the freshly calcined wafer. The dopant ratio was estimated from the XPS data to be about [Cr]/ [Sb] ) 3/5. On the basis of these numbers, the total dopant concentration [Cr] + [Sb] can be estimated to be in the range of 3-8 at. %. The rather large error reflects the above-described uncertainties. After insertion into the UHV chamber, the surface was cleaned by cycles of 15 min Ar + ion sputtering at 1 keV and subsequent annealing. The preparation parameter were chosen in accordance with our experience on pristine TiO 2 (110). 15 In order to minimize long-range electrostatic interactions, a bias voltage of about (-1.0 ( 0.1) V was applied to the tip.
Results and Discussion
In this paper, we study the influence of transition metal doping on the surface structure of rutile TiO 2 (110). An overview of NC-AFM images of decreasing frame size obtained on a TiO 2 (110) surface codoped with chromium and antimony is shown in Figure 1 . At large frame size (Figure 1a ,b), steplike structures with a typical height of 1-10 nm are observed. The regions in between these steps exhibit a rough surface structure with a lot of troughs as can be seen in Figure 1c . The depth of these troughs is typically three to six times as large as a single monatomic step height on TiO 2 (110). Extended, atomically flat terraces were never observed. Figure 1d ,e reveals that the surface consists of numerous atomically flat facets. Each facet covers an area of typically 40 nm 2 . Thus, a typical facet consists of only a few hundred unit cells. This is in contrast to the equally stepped surface usually observed on similarly prepared pristine TiO 2 (110), where terrace areas are larger by at least a factor of thousand.
To exclude that the surface roughness is just a result of inadequate preparation parameters, we systematically varied annealing temperature from 500 to 1100 K and annealing duration from 15 min up to 16 h. Figure 2 shows three representative sets of images corresponding to three selected annealing recipes. The observed surface roughness and faceting is found to be virtually independent of the annealing parameters. Neither high temperature nor drastically increased annealing duration led to extended, atomically flat terraces.
At the atomic scale (Figure 1e,f) , rows of bright atoms divided by thin, bright lines become visible. These thin, bright lines can be explained by a peculiar tip shape that images all surface species in a characteristic L-shape as indicated in Figure 1f . True atomic resolution has been obtained on nearly all facets simultaneously, although several monatomic steps typically exist in a single image. Single defects appear as protrusions on the atomic rows. The observed protrusions can be attributed to hydroxyl species as usually observed on the pristine surface, as the presented images were taken at least 30 min after sample preparation. [16] [17] [18] [19] [20] Thus, we attribute the bright atoms to bridging oxygen atoms. The density of hydroxyls was estimated to be (0.5 ( 0.3) % monolayer (% ML; 1 ML corresponds to one per unit cell). From a previous defect density study on pristine titania we expect the density of hydroxyls to be (0.9 ( 0.6) % ML 15 on a similarly treated pristine sample, which is in good agreement with our present finding. Hence, dopant-induced bulk reduction as reported for chromium-doped TiO 2 (110) 14 is not observed on the codoped surface. At a first glance, the atomic structure of the doped surface resembles the structure of pristine TiO 2 (110). Figure 3 shows subsequently recorded frequency shift images with true atomic resolution on several facets. The images were carefully corrected for constant thermal drift using identical drift velocity values for all images. The values of the drift velocity were obtained from a series of nine consecutively recorded images in total.
Determining the surface unit cell in the images in Figure 3 , we found that the surface unit cell is not rectangular as for pristine TiO 2 (110), but shows a surface reconstruction, indicating a firm integration of the dopant atoms into the titanium dioxide crystal structure. The surface unit cell is sheared by an angle of 7 ( 1°with respect to the surface unit cell of rutile. This shearing results in an appearance that closely resembles a (1 × 4) reconstruction. The findings are independent of the scan direction. Thus, we can definitely exclude scan artifacts or drift to be the origin of the shearing. In the following, we present an explanation for the observed experimental findings.
In codoped titania, chromium and antimony are expected to exist predominantly in the oxidation states Cr 3+ and Sb 5+ , respectively. 13 They substitute Ti 4+ in the lattice. As long as the dopant ratio is close to unity, charging of the crystal does not take place. The ionic radii of the three cations are given in Table 1 . The values are nearly identical, pointing to a very similar bond length between the three metal species and oxygen. In a purely ionic picture, codoping of rutile titania with an equal amount of antimony and chromium would, therefore, not induce stress into the bulk. Hence, no reconstruction would be expected from this point of view.
However, titania is not a purely ionic crystal and the interaction is not purely electrostatic. Even though it is clear that titanium dioxide is rather ionic than covalent, minor effects like differences in covalence have to be taken into account to understand the observed surface reconstruction. The covalence of the metal-oxygen bond rather strongly depends on the metal species as can be seen from the electronegativity values also given in Table 1 . The electronegativity difference between oxygen (3.44) and the dopant species is much smaller especially in the case of antimony than between titanium and oxygen. This clearly indicates a more covalent interaction between the dopants and oxygen than between titanium and oxygen in the pristine sample. Consequently, the covalent radii of chromium and antimony should be considered, which differ significantly from that of titanium. This discrepancy in covalence may explain the experimentally observed surface reconstruction. The correlation between doping and surface reconstruction will be discussed in the following model.
The surface unit cell of pristine TiO 2 (110) contains one titanium atom with a covalent radius of 160 pm and two oxygen atoms with covalent radii of 66 pm. 22 The resulting covalent bond length for Ti-O is 226 pm. (This simple model does not take into account that titanium is 5-fold or 6-fold coordinated on the titania surface. Thus, the exact bond lengths of 195 and 198 pm 16 are not precisely reproduced by a simple addition of the covalent radii. However, the following argumentation is independent of this discrepancy.) The Ti-O bond length is a measure for the space a Ti-O unit requires. Thus, this value is proportional to the square root of the unit cell area A 0 of rutile TiO 2 (110)
In the codoped sample, antimony and chromium atoms of smaller covalent radii substitute some of the titanium atoms. Consequently, the average covalent bond length is reduced in codoped titania according to
where [Cr] and [Sb] are the atom concentrations of chromium and antimony, respectively. Eventually, the area of the surface unit cell is expected to be smaller than that of the pristine surface. Shearing of the unit cell reduces the area of the unit cell by the cosine of the shearing angle. In analogy to the case of pristine titania, we assume the square root of the surface unit cell area A of the codoped surface to be proportional to the average covalent bond length.
With the values from Table 1 we obtain where R is the shearing angle. Substituting A 0 by the above formula, we derive for the cosine of the shearing angle in dependence on the dopant concentrations. The result is plotted in Figure 4 . Our simple model predicts a shearing angle of about 8 ( 2°t o balance a total dopant concentration of 3-8 at. % as present in the experiment. Within the error, this is exactly the shearing angle observed in the NC-AFM images.
The strikingly good agreement between our observations and the angle derived from this simple model supports the assumption of a firm integration of the dopant atoms into the titanium dioxide crystal structure. On the basis of our simple picture, the observed reconstruction can be understood as a strategy to compensate for the significantly smaller covalent radii of the dopant atoms. Note, however, that although the shearing angle of about 7°can be measured quite accurately, the resulting relative length deviation of as small as (1 -cos 7°) ) 0.007 is far beyond the accuracy of our lateral dimension measurement. Thus, it is not possible based on these measurements to conclude unambiguously that the unit cell is indeed compressed. However, to give a possible explanation of the observed reconstruction, we assume that the unit cell area becomes smaller by shearing. The shearing angle and therefore the reconstruction are experimental facts without any doubt; strongly supporting the presented model.
The small size of facets compared to pristine titania might result from stress between the reconstructed surface layer and underlying layers. Thus, the roughness of the surface is intrinsically tied to the codoping and cannot be overcome by any preparation recipe.
Conclusion
In conclusion, chromium and antimony codoping of rutile TiO 2 (110) results in a surface reconstruction, indicating a firm integration of the dopant atoms, in sharp contrast to what is observed for chromium doping solely.
14 An increased oxygen vacancy density as known for chromium doping is not observed, explaining why codoping with antimony recovers photocatalytic activity. The observed reconstruction can be understood as a strategy to compensate for the significantly smaller covalent radii of the dopant atoms. This reconstruction might explain the observed surface facetting by reconstruction-induced interlayer stress. As the surface morphology is known to be decisive for photocatalytic activity, the reconstruction might be beneficial for catalysis applications.
